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Abstract Benthic conspecific cues are used by
competent larvae of many marine invertebrates to
locate and settle on suitable habitat. However, aggre-
gations of conspecifics can generate strong intraspe-
cific competition and inter-cohort cannibalism. We
investigated the effects of adult conspecific cues on
general fitness parameters of juvenile Carcinus mae-
nas (stages J1–J5), and used geometric morphometrics
to investigate patterns of allometric growth indicative
of life-history strategies and resource use potential.
Cues induced faster metamorphosis and slightly
shortened intermolt time in J2 individuals, at the
expense of acute mortality in J1 crabs. These effects
are cumulative but compensatory processes nullify
differences by the end of the experiment. Allometric
carapace change toward the adult standard remained
unchanged, but conspecific cues induced first a change
in size (J1) and then in shape (J5) of claws. In both
control and cued juveniles, heterochely was incipient
but apparent in J5 crabs. Independently of body side,
conspecific cues triggered a very marked increase of
the propodus posterior margin, presumably enhancing
general strength. Therefore, early benthic stages may
grow slightly faster to a size refuge, and develop
stronger claws providing competitive advantage for
the use of high-value food items when population
density-dependent processes are more probable.
Keywords Phenotypic plasticity  Chemical
cues  Juvenile development  Geometric
morphometrics  Compensatory survival
Introduction
It is widely recognized that late larvae of marine
invertebrates make extensive use of environmental
cues to locate, and remain, in favorable habitat (e.g.,
Forward et al., 2001; Pineda et al., 2010). Conspecific
cues, in particular, can be important by increasing
settlement rates of larvae (Burke, 1986; Smith &
Peacock, 1990), and stimulating metamorphosis to the
juvenile stage (Fitzgerald et al., 1998; Simith & Diele,
2008). Apart from increasing the time to metamor-
phosis and thus pelagic mortality risk, the absence of
appropriate cues may also render negative latent
effects, leading to reduced growth during the juvenile
benthic phase (Gebauer et al., 2003). It is also known
that negative density-dependent interactions among
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conspecific recruits may mediate secondary dispersal
(Iribarne et al., 1994; Moksnes, 2004), but less
attention has been paid on how juveniles may cope
to benthic environmental heterogeneity and adjust to
habitat-specific demands (but see Tyler & Rose,
1997).
Many authors have shown that individuals may
undergo alternative development pathways in favor-
able and unfavorable habitat patches (West-Eberhard,
2003). Under low-salinity conditions, demanding
additional resources for larval osmoregulation,
females of the estuarine crab Chasmagnathus granu-
lata Dana produce larger zoeae, with higher energy
contents (Gime´nez & Anger, 2001), which tend to
follow a shorter stage sequence until settlement
(Gime´nez & Torres, 2002). In risky environments,
where predation is an important limiting factor,
largely affecting survival to adulthood (Fernandez
et al. 1993; Moksnes et al., 1998), successful strategies
maximizing individual fitness can be strikingly dif-
ferent depending on a number of variables (Olsson
et al., 2002). When food resources are scarce and
predator–prey interactions remain unchanged through
prey ontogenesis, individuals may adopt a cryptic life-
style, at the expense of a much slower growth and
development to sexual maturity (Houston et al., 1993;
Lewis, 2001). However, when prey attain a size-refuge
from predation in the course of their juvenile phase,
individuals may undertake the opposite path, that is,
they can intensify foraging if fast growth to a safe size
compensates excessive vulnerability owing to
enhanced activity (Werner, 1991; Abrams et al.,
1996).
Besides overall trends in growth and survival,
induced morphological change of certain structures or
organs, mediated by chemical cues released in the
environment, may provide habitat-specific advantages
(Braendle et al., 2006; Neufeld, 2011). Morphological
defenses developed after persistent exposure to pre-
dators (e.g., Lively, 1986; Trussell, 2000) are just one
kind of a wide variety of chemically induced responses
(Agrawal, 2001). In species prone to cannibalistic
interactions, such as Carcinus maenas (L.), where
predators are 3–5 times larger than their prey (Moks-
nes et al., 1998; Moksness, 2002; Almeida et al.,
2011), morphological change of defensive organs, i.e.,
their chelipeds, would hardly deter any attacks.
However, chelipeds are also used for handling food
(Hughes & Elner, 1979; Mariappan et al., 2000). Their
ontogenetic development into specialized tools, to
make a better use of high-value food items, is a critical
process. In some species, such as C. maenas, adult
crabs exhibit a clear handedness, in which one claw
develops into a larger, crushing tool, while the other
differentiates into a cutting claw (Abby-Kalio &
Warner, 1989; Juanes et al., 2007). The timing of
claw differentiation is important because it determines
when individuals will shift from an opportunistic to a
predatory feeding strategy. Because developing pow-
erful claws is resource demanding (Allen & Levinton,
2007; Doake et al., 2010), optimal development
patterns may also be habitat-dependent; a case of
adaptive developmental plasticity (Bock, 1980; Beld-
ade et al., 2011).
The shore crab, C. maenas, is the most common
crab in northwest Iberia and in coastal waters of the
north east Atlantic, forming large populations in
estuaries and rocky shores throughout a native range
which extends from Norway and Iceland to Mauritania
(Crothers, 1968). C. maenas megalopae use a series of
habitat cues to select and settle in structurally complex
habitats, which provide a refuge from predation
(Moksnes et al., 2003). Therefore, C. maenas is an
interesting biological model to test how the presence
of habitat stimuli, in particular conspecific cues, can
affect life-history traits and alter developmental
trajectories of juvenile individuals.
Using a simple laboratory experiment, we tested a
first hypothesis that conspecific cues affect juvenile
fitness by modifying some overall parameters, i.e.,
intermolt time, increment at molt and survival.
Because inter-cohort cannibalism in juvenile C. ma-
enas is frequent (Moksnes, 2004; Almeida et al.,
2011), decreased growth in early recruits when
exposed to adult cues could indicate reduced foraging
activity, which probably imply in reduced predation
risk in natural conditions. In an opposite strategy,
enhanced growth will allow cued juveniles to attain a
size refuge from predation earlier, even at the expense
of higher mortality owing to excessive metabolic
demand (Bayne, 2000; Mangel & Munch, 2005). In a
second hypothesis, we used geometric morphometric
analyses to test whether adult chemical cues induce
allometric change compatible to an alteration of the
juvenile stage sequence (carapace allometry), or to a
differential use of food resources (claw allometry).
Because carapace shape of brachyurans typically gets
wider from the first crab stage to adults (e.g., Flores &
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Paula, 2000; Guerao & Rotllant, 2009; Guerao et al.,
2012), including C. maenas (Shen, 1935), we pre-
dicted that carapace allometry in crabs exposed to
conspecific cues would be higher, as an indication of a
reduced juvenile stage sequence toward adulthood.
Such an effect supports a general prediction of reduced
size at maturity under increased predation (Abrams &
Rowe, 1996; Nylin & Gotthard, 1998). Because
juvenile stages may already exhibit a predatory habit,
foraging mostly on mollusks by breaking their shells
(Mascaro´ & Seed, 2001), we also anticipated that
exposure to conspecific stimuli may induce the
development of stronger claws, allowing juveniles a
competitive advantage for their preferred prey when
population density is high. In this case, the presence of
adults can be viewed as an indirect cue of favorable
habitat, as suggested by others (e.g. Forward et al.,
2001; Donahue, 2006), but, as long as we are aware,
information on how early settlers respond to such cues
as to improve resource use is still lacking.
Materials and methods
Sampling and laboratory procedures
Megalopae of Carcinus maenas were collected in the
Canal de Mira, Ria de Aveiro, Portugal (40370 1700N,
08440 5400W), in late spring 2007 (from May 20 to
June 19) using a plankton net with a 500-lm mesh. As
soon as individuals were sorted from samples, they
were randomly assigned to one of the following
laboratory treatments: control and stimulated individ-
uals. We stopped adding individuals when 80 mega-
lopae were allocated to each treatment. The
experiment ceased when all surviving individuals
have molted to the 6th juvenile stage. In both
treatments, individuals (n = 80) were kept separately
in cups filled with 50 ml filtered seawater, provided a
fine sediment layer, obtained from an estuarine area
where C. maenas was absent. Megalopae larvae and
first juveniles were fed every 2 days with Artemia
larvae (10–15 nauplii/ml) and subsequent crab stages
were fed with adult Artemia, pieces of mussel and
squid (2nd to 4th stages), or crustacean dry food (5th
stage). In order to obtain a source of conspecific cues,
we maintained two adult crabs, one male and one
female (40–45 mm carapace width, CW, as the
distance between opposite 5th lateral spines), in a
rectangular aquarium (20 9 40 cm), filled with 5-cm
of filtered seawater. The same crabs were maintained
all over the experiment and fed approximately once a
week with dry pellets. Water was changed every
2 days and at times when crabs were fed to avoid
contamination of test water with food particles. This
2-days old water, free from feeding residuals but
bearing water-borne chemicals released by adult
crabs, was transferred to juvenile cups in the stimu-
lated treatment (50 ml per cup). In the control
treatment, filtered seawater stored in plastic gallons
were used and renewed at the same frequency. Cups
were examined daily to record molting or deaths.
Exuviae and dead specimens were staged, measured
(CW) and stored in 70% ethanol. The experiment was
conducted in BOD chambers (Lab-Line Biotronette)
at a constant temperature of 18C and a photoperiod of
14 h light: 10 h dark, corresponding to natural condi-
tions during the settlement season of C. maenas at the
study area.
Response variables in experimental megalopae
and juveniles
Intermolt time, growth rate, and survival—To test the
hypothesis that conspecific cues can affect C. maenas
juvenile fitness by modifying some overall life-history
parameters, the intermolt time, increment at molt and
survival were compared between stimulated and
control individuals. Time to metamorphosis and
juvenile stage-specific intermolt time were compared
between treatments using separated t tests for each
stage, corrected for heteroscedasticity when neces-
sary. T tests were also used to compare cumulative
intermolt time along the juvenile stage sequence, and
other growth parameters, namely stage-specific size
(CW) and increment at molt (%). Comparisons of
stage-specific and cumulative mortality to identify
ontogenetic bottlenecks in these experimental popu-
lations were carried out using z tests for proportions
(Zar, 1999).
Carapace and claw shape—To test the hypothesis
that conspecific cues can induce morphological
change and modify development trajectories, we
carried out morphometric analyses on the carapace
and claws of exuviae shed by stage 1 (J1) and 5 (J5)
juveniles for both treatments. Carapace and claws,
both right and left, were removed and cleaned in 20%
Hydrobiologia (2014) 724:55–66 57
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bleach. Claws were mounted on cavity microscopy
slides, immersed in glycerin and sealed with cover
slips, while carapaces were directly fixed in plain
slides using nail polish. Digital images of the dorsal
view of the carapace and internal sides of right and left
claws were obtained using an Olympus Color View
digital camera, coupled to a stereomicroscope set at a
magnification power of 89, except for the carapace of
J5 individuals, to which a 29 magnification was used.
The software Cell^A Five—Analysis Image Process-
ing (Editor—Olympus Europe, version 5.0.1163) was
used for image acquisition.
Carapace analyses were restricted to J5 crabs,
because marginal spines and teeth are not developed
yet in J1 individuals, making homologous landmark-
ing troublesome. Eight landmarks were defined along
the carapace right margin as follows; 1: median point
of anterior region; 2–3: inner and outer angle of eye
orbit; 4–7: anterolateral spines; 8: median point of
posterior region (Fig. 1A). Both juvenile stages (J1
and J5) were used for the analyses of right and left
claws. Five landmarks were defined; 1: tip of the
pollex; 2: dorsal base of the pollex; 3: superior region
of manus; 4–5: dorsal ventral articulation points
between propodus and carpus (Fig. 1B). Images of
left claws were first rotated before marking the
landmarks to allow comparisons of shape between
left and right claws. All landmarks were defined using
the software tpsDig 2.14 (Rohlf, 2009), following
standardized criteria (Adams et al., 2004; Zelditch
et al., 2004).
After digitizing, homologous landmarks were
aligned by a generalized least-squares superimposition
procedure (Procrustes analysis) removing any shape-
unrelated information, such as position, orientation,
and scale (Rohlf & Slice, 1990). Morphological
change was assessed using the thin plate spline
(TPS) deformation procedure, which fits an interpolate
function to a consensus configuration (Bookstein,
1991), deriving shape variation in two main compo-
nents; a uniform component (UC), describing global
change, and a non-uniform component, which
describes local variation in specific regions (Zelditch
et al., 2004). Finally, a relative warp (RW) analysis,
analogous to a principal component analysis, was
undertaken for the non-uniform component generating
new shape variables (RWs) (Rohlf, 1993a, b). All
these numerical routines were carried out using the
software tpsRelw 1.46 (Rohlf, 2008). More detailed
explanation of morphometric methods can be found in
Rohlf (1990), Adams et al. (2004), and Zelditch et al.
(2004).
In the case of carapace analyses, the values of
uniform components and relative warp scores were
compared separately between treatments (control and
stimulated), using a balanced multivariate analysis of
variance (MANOVA—Wilks test, n = 20) in Statis-
tica 11. Centroid size (CS), defined as the square-root
of the summed squared distances between all land-
marks, and the carapace center of gravity (centroid)
(Sneath, 1967), was used as a size variable and
compared between treatments using a t test. Carapace
shape variation along relative warps, or uniform axes,
was described by deformation grids obtained in TPS
analyses.
For claws, an initial complete geometric morpho-
metric analysis was first considered, with a total of 80
images, including juvenile stages (J1 and J5), body
side (right and left) and conspecific treatment (control
and stimulated). However, this analysis could not
ensure independency because the material examined
Fig. 1 Landmarking of carapace (A) and claws (B) of Carcinus
maenas juveniles for geometric morphometric analyses
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Fig. 2 Correlation of cheliped shape variables (scores of
relative warps, RWs; and uniform components, UCs) between
different stages (juvenile 1 and juvenile 5) of the same individual.
Shape variables were obtained from a complete geometric
morphometric analysis using right and left claws of individuals
from different stages, in the presence or absence of conspecific
cues. Significant correlation, as evidenced in relative warp 2 and
uniform component 1, indicate that variables obtained for a
single individual at these two juvenile stages are not independent.
ns not-significant
Hydrobiologia (2014) 724:55–66 59
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included J1 and J5 exuviae shed by a single crab
(n = 13). Pearson tests of correlation were performed
on the resultant shape variables (three first relative
warps and uniform components) from the same
individual as J1 and J5, showing that two important
shape variables are indeed correlated between juvenile
stages (RW2: r = 0.588, P \ 0.05; UC1: r = 0.574,
P \ 0.05; Fig. 2). Thus, we decided to run separate
analyses with two factors (Stimulus 9 Body Side) for
juveniles 1 and 5, producing new relative warps and
uniform components which were analyzed using a
balanced 2-way multivariate analysis of variance
(MANOVA—Wilks test, n = 10). CS was also com-
pared between the same factors, separated for J1 and
J5 individuals, using a 2-way analysis of variance
(ANOVA). In the case of significant differences, the
Student–Newman–Keuls (SNK) procedure was used
for a posteriori comparisons. Shape variation of claws
along relative warps or uniform axes was described by
deformation grids obtained in TPS analyses.
Results
Growth parameters and survival
We maintained this experiment for over 80 days, until
all surviving individuals have molted to the 6th
juvenile stage. Stage-specific and cumulative results
are shown in Table 1. Stimulated individuals exhib-
ited a faster metamorphic molt, from the megalopa to
J1, and a shorter intermolt period during the second
juvenile stage, when compared to control individuals.
There were no significant differences in intermolt time
between treatments for the remaining stages (Table 1).
Differences observed in early stages persisted, later on
juvenile ontogeny. Maximum divergence was
observed for J3 (9.4%) and endured until J4 (Table 1;
t = 2.004; P \ 0.05). The between-groups difference
of the overall development time, from the start of the
experiment to the date J5 individuals molted to the
next stage, was only 2.8% and not significant
(Table 1). Neither stage-specific size (CW) nor the
increment at molt (%) differed between stimulated and
control individuals throughout the whole stage
sequence (Table 1).
Compared to control crabs, mortality was over
three times higher for stimulated individuals in the first
juvenile stage, and its effect persisted until the second T
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juvenile stage (z = 2.265; P \ 0.05), when cumula-
tive mortality in stimulated individuals was still close
to 50% (Table 1). No stage-specific contrasts were
detected in later stages.
Geometric morphometrics
Morphometric analyses on carapace shape of J5
individuals resulted in 12 relative warps (RWs) and
2 uniform components (UCs). The four first relative
warps explained 74.6% of total shape variation, and
were not different between stimulated and control
crabs (MANOVA Wilks test: F = 1.45, df = 4, 35;
P = 0.239). Likewise, uniform components (MANO-
VA Wilks test: F = 0.05; df = 2, 37; P = 0.954) and
size, given by centroid comparisons (t = 0.643;
P = 0.524), did not differ between treatments.
In contrast, conspecific cues are capable to modify
size and shape of claws in C. maenas juveniles, at
different development stages (Table 2). In J1 crabs,
there were treatment effects on claw size but not on
their shape. Mean claw CS of stimulated individuals
was significant larger than that of control crabs
(CSSt = 0.643 mm; CSC = 0.619 mm; P \ 0.05),
but no differences were found between the size of
right and left claws (Table 2). Morphometric analyses
resulted in 6 relative warps and 2 uniform components,
and the three first relative warps explained 74.5% of
total shape variation, without differences between
treatments, or body side (Table 2). Likewise, there
were no effects of main factors, or their interaction, on
uniform components (Table 2).
On the other hand, claw shape, but not size, differed
between J5 stimulated and control individuals, and
also between their right and left claws (Table 2).
Morphometric analyses applied in J5 claws also
resulted in 6 relative warps and 2 uniform components.
The three first relative warps explained 86.6% of total
shape variation, and were significantly different
between treatments and between right and left claws
(Table 2). A posteriori comparisons showed that
relative warp 1 scores differed significantly between
stimulated and control individuals, while relative warp
2 scores differed significantly between right and left
claws. Relative warp 1 describes a very marked
alteration on the height of the proximal propodus
region, in its articulation with the carpus (landmarks 4
and 5, Fig. 1). Crabs reared in the presence of
conspecifics developed higher and consequently more
robust claws, as shown in TPS deformation grids
plotted in Fig. 3. Relative warp 2 contrasts right and
left claws, i.e., heterochely. Two main alterations are
easily noticed; the height of the insertion of the
movable finger (distance between landmarks 2 and 3)
and pollex length (distance between landmarks 1 and
2). The first dimension determines mechanical advan-
tage (as defined by Alexander, 1983) of dactylus
strength, i.e., breaking power, and is noticeably larger
in right claws. The second one positively affects
precision to which prey can be manipulated and torn
apart, being larger in left claws (Fig. 3). This pattern
corresponds to adult handedness and was not affected
by conspecific cues, since the interactive term Stim-
ulus 9 Body Side was not significant (Table 2).
Table 2 Results of geometric morphometric analyses in Carcinus maenas
Stages Effect ANOVA for CS MANOVA for 3 first RWs MANOVA for UCs
df F P kwilks F df P kwilks F df P
Juvenile 1 St 1 6.89 * 0.927 0.89 3, 34 ns 0.933 1.26 2, 35 ns
Bs 1 0.03 ns 0.936 0.78 3, 34 ns 0.949 0.94 2, 35 ns
St * Bs 1 1.67 ns 0.976 4.86 3, 34 ns 0.975 0.45 2, 35 ns
Error 36
Juvenile 5 St 1 1.72 ns 0.695 4.97 3, 34 ** 0.726 6.61 2, 35 **
Bs 1 1.08 ns 0.335 22.5 3, 34 *** 0.881 2.36 2, 35 ns
St * Bs 1 0.64 ns 0.976 0.28 3, 34 ns 0.984 0.29 2, 35 ns
Error 36
Summary statistics for analyses of variance (ANOVA) for centroid size (CS) and multivariate analyses of variance (MANOVA) for
shape variables (RWs relative warps, UCs uniform components) obtained from right and left claws (Bs body side), of juveniles 1 and
5, both in the presence or absence of adult stimulus (St). ns not significant, * P \ 0.05; ** P \ 0.01; *** P \ 0.001
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Uniform component (UC) scores were different only
between control and cued crabs (Table 2). A posteriori
comparisons showed that uniform component 1 scores
differed between stimulated and control individuals.
Claws of stimulated individuals were uniformly higher
(=stronger) than those from control individuals,
agreeing with the localized differences observed for
propodus height.
Discussion
Our results show that the presence of conspecific
cues can affect fitness and development pathways
of Carcinus maenas juveniles. Although suffering
greater early mortality, stimulated juveniles grow
slightly faster during the initial stage sequence and
develop stronger claws by the 5th stage, which
likely improves their foraging ability. Therefore,
we hypothesized that developmental plasticity
responding to conspecific signaling may enhance
juvenile fitness, where resource competition and
cannibalism may be important density-dependent
processes. Settlers reaching vacant or low-density
benthic habitat, would afford a slower growth and
delayed development of claw strength, but benefit
from higher survival during the first benthic
stages.
Selection versus plasticity
Some of our results may be indicative of selection
operating on crab morphology. Mortality differed
between treatments during the 1st juvenile stage, when
a fitter morph, in this case individuals bearing stronger
claws, could have been selected. Although this
possibility cannot be overruled, we argue that a plastic
response to conspecific cues explains our results much
better. Stronger claws did not provide any advantage
for our experimental crabs, and we could not advance
ways in which claw morphology can indicate physi-
ological state and hence life expectancy. Even if there
was a clear correlation, we would have to assume that
surviving cued crabs (up to stage 5) were a subset of
the control population, in which ‘‘less fit’’ individuals
(i.e., those scoring the highest RW1 in Fig. 3) tended
to be eliminated. If so, we expected to find a smaller
variance of relative warp 1 scores for stimulated crabs
compared to control ones, which was not the case
(sst
2 = 5.1 9 10-4; sc
2 = 3.1 9 10-4; F = 1.63,
Fig. 3 Geometric
morphometric results for
differences in claw shape for
5th stage juveniles, showing
the effect of exposure to adult
conspecific cues (Stimulated,
St vs. Control, C) and early
heterochely (Right claw, R
vs. Left claw, L). Ordination
along the first two relative
warps (RWs), as shown,
explained 74.79% of total
shape variation. Deformation
grids represent cheliped
shape at extreme values
along relative warp axes
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df = 19, 19; P = 0.149). Also, if selection was the
mechanism underlying morphological differences
between treatments, we expected to remove such an
effect after excluding from analysis the individuals in
the control group that would have died if otherwise
exposed to selective mortality, i.e., those scoring the
highest relative warp 1. In order to test this, we
excluded the two control individuals at the far right of
the relative warp 1 axis (Fig. 3), corresponding to the
mortality difference until stage 5 (9.9%, Table 1), and
re-analyzed the data using a one-tailed Wilcoxon two-
sample test. Differences in claw morphology persisted
(W = 82.5; P \ 0.005), further suggesting that a
plastic response to conspecific cues, not selective
mortality, caused the differences of claw morphology
between groups.
Effects on mortality and growth rates
Unlike food supply and temperature (Mohamedeen &
Hartnoll, 1989a, b; Gime´nez, 2010), conspecific cues
did not affect size at stage and increments at molt in
our experimental C. maenas population. Direct effects
of conspecific cues on overall fitness parameters are
apparently restricted to megalopae and the first two
juvenile stages. Faster metamorphosis and slightly
higher growth rates in cued crabs, made possible by a
shorter intermolt period at stage 2, may respectively
allow settling on appropriate habitat (e.g., Forward
et al., 2001; Simith & Diele, 2008) and reaching a size
refuge from predation first (e.g., Moksnes, 2004;
Almeida et al., 2011). Also, higher molting frequency
allow enhanced allometric growth, and thus faster
development of morphological attributes of putative
adaptive significance, such as the case made here on
alternative claw shape. Yet, the alternative develop-
ment pathway induced by conspecific cues implies an
acute mortality at the first juvenile stage. Pulse
responses at specific stages rendered cumulative
effects up to the juvenile stage 2 (mortality) or 4
(intermolt duration), but, interestingly, compensatory
survival and growth rate (Dmitriew, 2011) was
achieved at the 5th juvenile stage, when this experi-
ment finished. By then, remaining numbers of living
individuals, as well as their size, were equivalent for
both experimental groups. Exceeding metabolic cost
due to faster metamorphosis may explain higher
mortality in subsequent first-stage juveniles receiving
conspecific cues. Possible underlying metabolic
processes include the depletion of energetic reserves
in storage organs (Bayne, 2000), and the generation of
reactive oxygen species leading to oxidative stress
(Mangel & Munch, 2005). Exposure to toxic nitrog-
enous end-products excreted by adult conspecifics
could eventually be a cause of mortality in these early
juveniles (Young-Lai et al., 1991). However, this
possibility seems unlikely here because survival at the
most vulnerable stage, the megalopa, did not differ
between treatments, and because there was no net
mortality effect at the end of the experiment.
Effects on allometric growth
There were no differences in carapace overall shape
between treatments, indicating that differentiation to
the adult morphology, and possibly the length of the
juvenile stage sequence, is not affected by adult cues.
Hence, there is no support for an eventual anticipation
of sexual maturity driven by a risk signal. On the other
hand, contrasts in claw morphology between treatment
and control crabs are clear.
The claws of stimulated individuals are character-
ized by an increased height of the propodal terminal
region, which likely provides enhanced power.
Changes start right after metamorphosis, with stimu-
lated first juveniles bearing larger, although morpho-
logically similar claws, compared to control crabs in
this same stage. Intensified allometric growth toward a
stronger shape, without overall size differences,
follow thereafter in stimulated juveniles. For both
treatments, 5th stage juveniles already exhibit slight
heterochely, with the right claws bearing a somewhat
larger propodus–dactylus gap, which provides
mechanical advantage for force generation and thus
crushing ability (Schenk & Wainwright, 2001).
Regardless of handedness, however, individuals in
contact with conspecific cues develop a substantially
taller propodus, mostly at its articulation with the
carpus. Because most muscle fibers pulling back the
closer apodeme are anchored in the inner posterior
region of the propodus (Costello & Lang, 1979;
Schenk & Wainwright, 2001), claw shape in cued
juveniles is expected to provide general extra strength,
for either cutting or crushing.
Rather than an anti-predatory defense, stronger
claws can provide a substantial advantage in habitat
patches where both juveniles of C. maenas and other
micro-predators concentrate and share common food
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resources. Conspecific cues reliably signal adequate
habitat patches, where resources sustaining growth to
adulthood must be available. Most of the high-value
diet for adult C. maenas consists of hard-shelled
mollusks (Klein-Breteler, 1975; Hughes & Elner,
1979; Mascaro´ & Seed, 2001). It is known that
juveniles (15–35 mm CW) already prey on cockles,
mussels, and oysters (Mascaro´ & Seed, 2001), but, as
far as we are aware, there is no information on the
feeding habits of C. maenas early stages (J1–J5). In
perhaps a unique study emphasizing foraging effi-
ciency in such small crabs (3–5 mm CW), Ray-Culp
et al. (1999) reported very efficient foraging of
predatory xanthid crabs on post-settlement stages of
gastropods. It is possible that early C. maenas
juveniles in the Ria de Aveiro make extensive use of
Hydrobia ulvae because this is a very abundant small
gastropod species in the area (Vieira et al., 2010). By
making use of such a valuable food resource, early
juveniles would maximize growth rates (Rangeley &
Thomas, 1987; Mascaro´ & Seed, 2001) when they are
most vulnerable to predation. It is thus quite possible
that the differences we report for growth rate between
control and stimulated crabs are smaller than what
could happen in nature, because individuals held in the
laboratory did not have to handle hard prey, being fed
ad libitum on soft tissue items.
Competitor-induced morphological changes opti-
mizing resource use have been already reported. For
instance, Relyea (2000) showed that the presence of
competitors induces mouth width increase of 10% in
Rana sylvatica tadpoles, which in turn substantially
enhanced their forage intake. Similarly, manipulative
shortage of food supply for both sea urchin and sand
dollar larvae, mimicking resource competition, effec-
tively induce the development of longer post-oral
arms, responsible for food-particle capture, and larger
feeding structures (Miner, 2007). The shore crab case
differs from the model organisms above in that larger
conspecifics may be both competitors and predators.
Yet, our results suggest that early benthic stages would
adopt a risky strategy aiming a fast development to a
refuge size, through enhanced foraging activity based
on a more efficient anatomy for prey handling. Further
experiments comparing consumption rates of natural
prey and metabolic activity between control and
chemically induced morphs are required to validate
this hypothesis and clarify related life-history aspects
of this important estuarine crab.
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